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ABSTRACT: Herein we utilize on-wire lithography (OWL) to synthesize a
composite plasmonic−semiconductor material composed of Au nanorod dimers
embedded within anatase TiO2 sheets. We demonstrate that, despite the harsh
conditions necessary to synthesize crystalline TiO2, the gapped nanostructures remain
intact. Additionally, we show that the optical properties of these structures can be
tailored via the geometric control aﬀorded by the OWL process to produce structures
with various gap sizes exhibiting diﬀerent electric ﬁeld intensities near the surface of
the metal particles and that those ﬁelds penetrate into the semiconductor material.
Finally, we show that this composite ampliﬁes the electric ﬁeld of incident light on it
by a factor of 103, which is more that 750 times greater than the isotropic materials
typically used for these systems.
■ INTRODUCTION
Composite materials are created by the combination of two or
more dissimilar components in such a way so as to realize new
emergent properties that are not characteristic of either material
individually.1 Recently, a new class of composite materials has
emerged by combining plasmonically active noble metal
nanoparticles with semiconducting materials. These composites
are interesting for applications in sensing,2 photovoltaics,3,4 and
photocatalysis,5 because of the superior optical properties
derived from the combination of these two types of materials.
These include an improved eﬃciency of absorption,6,7 as well as
an expansion of the spectral sensitivity beyond that of the
native semiconductor.8−10 An idealized composite requires (1)
plasmonic nanostructures with rationally designed geometric
features that are both amenable to enhancing the surrounding
medium and robust with respect to the sometimes extreme
conditions used to synthesize the semiconductor and (2) the
ability to easily integrate such structures with a semiconductor
material. The latter requires achieving the proper interface
between these two dissimilar materials, which is by no means
trivial, as diﬀering chemical, mechanical, and physical properties
can inhibit the proper formation of the various structures within
the composite.
Herein, we report how on-wire lithography (OWL) can be
used to overcome these challenges and synthesize a composite
material composed of robust gold nanorod dimers, with tunable
optical properties, embedded in porous sheets of anatase
TiO2.
11,12 We show that both the structure and optical
properties of the gold dimers are preserved despite the harsh
conditions necessary to synthesize the semiconductor compo-
nent. It is further shown that the electromagnetic properties of
this material can be tuned via the rational design of the gold
dimers to absorb light at various wavelengths. Lastly, it is
demonstrated that the composite can amplify the electric ﬁeld
of the light incident on it by a factor of 103, which is more than
750 times greater than the isotropic materials typically used for
these systems.
The plasmonic character of noble metal nanoparticles is
observed when they are irradiated with light and a localized
surface plasmon resonance (LSPR) is excited.13−15 This
excitation involves an oscillation of the conduction electrons
of the metal, which is driven by the electromagnetic ﬁeld of the
incident light. Additionally, an ampliﬁcation of the incident
electromagnetic ﬁeld near the surface of a resonating plasmonic
particle is observed. The precise location of these regions of
intense ﬁelds, often termed hot spots, and the ampliﬁcation
realized within them, is highly dependent on the geometry of
the nanostructure being irradiated.16,17 Speciﬁcally, it has been
demonstrated that particles containing sharp tips (such as a
cube or a prism),18,19 and to an even larger extent structures
containing nanoscale gaps (optimally less than 10 nm),
generate much more intense hot spots than more spherical
structures.20,21 These hot spots are important for plasmonic−
semiconductor composites because it has been shown that the
Received: April 22, 2014
Revised: May 23, 2014
Published: June 5, 2014
Article
pubs.acs.org/cm
© 2014 American Chemical Society 3818 dx.doi.org/10.1021/cm5014625 | Chem. Mater. 2014, 26, 3818−3824
emergent photoprocesses of these materials are most active in
the regions of high electromagnetic ﬁeld strength.22
In order to synthesize plasmonic hotspots, OWL, which is a
template-directed electrochemical synthesis method that allows
for the synthesis of plasmonic nanostructures with sub-10 nm
gaps, was used.11,12,23 OWL is based on the deposition and
subsequent immobilization of striped nanorods composed of
chemically orthogonal materials (e.g., Au and Ni).12,24 Etching
of the more chemically active material (Ni) allows for the
production of nanorod dimers with rationally designed
geometric parameters including diameter, segment length, and
gap size. This geometric control allows for precise tuning of the
plasmon resonance of the ﬁnal structure.23 While OWL has
already been shown to be useful for a number of
applications,25−35 including eﬀectively creating plasmonically
active noble metal dimers with very small and reproducible
gaps,11,20,23,29,36−45 it has yet to be proven useful for the
synthesis of composite plasmonic and semiconductor materials.
Incorporating plasmonic structures into a semiconductor
material poses multiple challenges, as it requires the coupling of
two or more materials that diﬀer signiﬁcantly in their
composition, phase, surface charge, and degree of interfacial
epitaxy. Moreover, the geometric integrity of many plasmonic
nanostructures (especially those that are anisotropic or have
small gaps) can be extremely sensitive to the conditions used
during fabrication, especially surface functionalization, chemical
etching, and thermal annealing.
The semiconductor material often used for these types of
composites is anatase TiO2, a canonical photocatalytic material,
due to its high activity, availability, chemical stability, and low
toxicity.46,47 However, room temperature syntheses of TiO2
typically do not result in the formation of the anatase phase.48
Therefore, after synthesis, the crystallization of anatase is
necessary and requires a high-temperature annealing step for
the conversion of amorphous TiO2 to anatase.
To date, a number of diﬀerent methods have been employed
to synthesize these types of composite materials, but they
typically do not provide much control over the morphology of
the metal nanostructure, leading to the formation of roughly
spherical particles.4,10,49,50 Some examples do utilize colloidal
anisotropic particles, but these methods do not allow for the
formation of rationally controlled gaps.6−8,10,51 Those few
methods that do allow for the formation of gaps (often
lithographically based) do so at the expense of throughput and
typically cannot make features smaller than 10 nm,9,52 which is
critical for obtaining optimal plasmonic activity.
■ EXPERIMENTAL SECTION
In order to synthesize the plasmonic−semiconductor composite, three
samples of nanorod dimers with varied gap size were prepared,
followed by the deposition, annealing, and eventual liftoﬀ of TiO2
ﬁlms, with the ﬁnal product being porous sheets of anatase TiO2
containing nanorod dimers (Scheme 1). The detailed synthesis of
OWL structures has been reported previously11,53 but will be
addressed brieﬂy herein. Anodized aluminum oxide (AAO) mem-
branes with 35 nm pores were purchased from Synkera Technologies
Inc. and used as templates for the electrodeposition of the nanorods.
The AAO was ﬁrst coated with 200 nm of Ag with a Kurt J. Lesker
PVD 75 e-beam evaporation system and then assembled into a Teﬂon
cell for subsequent electrochemical deposition of the rods. Ni (nickel
sulfamate RTU), Au (Orotemp 24 RTU Rack), and Ag (Techni Ag
Cyless II RTU) plating solutions were purchased from Technic Inc. A
potentiostat utilizing a Ag/AgCl reference electrode, a Pt counter
electrode, and a working electrode consisting of the Ag coated AAO
was used to electroplate ﬁrst a sacriﬁcial Ag segment followed by the
Au and Ni striped nanowires. The precise length of each nanowire
segment was tuned by controlling the amount of charge passed though
the electrochemical cell. After nanowires with the desired geometry
were electrochemically synthesized, the Ag ﬁlm and sacriﬁcial segment
were etched from the AAO in a 4:1:1 solution of ethanol, 30%
NH4OH (aq), and 30% H2O2 (aq). Subsequently, the AAO itself was
etched in an aqueous 3 M NaOH solution containing 0.5 mM
cetyltrimethylammonium bromide (CTAB). The CTAB surfactant
was included to passivate the surface of the nanowires and impart
increased colloidal stability to the resulting suspension. After etching,
the nanorods were centrifuged at 10,600 relative centrifugal force
(RCF) for 4 min and rinsed with a 0.5 mM CTAB solution four times.
To embed the nanowires into TiO2 sheets, the nanowire solution
was ﬁltered through Whatman Anopore AAO membranes with a
nominal pore diameter of 0.02 μm, although it was discovered that this
was not the pore diameter on the surface (Figure 1d). The rod-coated
membranes were then placed into an e-beam evaporation system and
Scheme 1. Synthesis of Nanorod Dimers Embedded in Porous Anatase TiO2 Sheets
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then coated with 80 nm of amorphous TiO2. After removing the
membranes from the evaporator, they were soaked in an aqueous
solution of 3 wt % FeCl3 for 30 min in order to etch the Ni segments
of the rods, leaving the gold segments with programmed gap
dimensions held in place by the underlying TiO2 ﬁlm. The membranes
were subsequently soaked twice in DI water for 10 min to rinse away
excess FeCl3. Annealing of the material was carried out in an oven
under ambient conditions with a ramp rate of 2.4 °C/min to a ﬁnal
temperature of 450 °C, which was maintained for 60 min followed by a
passive slow cooling back to room temperature. The annealed TiO2
sheets were then removed from the substrate by etching away the
AAO with a 3 M NaOH aqueous solution. The resulting suspension of
sheets was centrifuged and rinsed four times with DI water to remove
dissolved alumina species.
Scanning transmission electron microscopy (STEM, Hitachi
HD2300), energy dispersive spectroscopy (EDS), X-ray diﬀraction
(XRD Rigaku XDS 2000), and UV−vis−NIR spectroscopy were used
to probe the physical, chemical, and optical properties of the sheets,
respectively.
Finite-diﬀerence time-domain (FDTD) simulations (Lumerical
FDTD solutions v.8.7.0) were carried out to probe the local
electromagnetic ﬁeld generated by the nanorod dimer embedded in
TiO2 sheets.
54 A total ﬁeld scattered ﬁeld plane wave source was used
to illuminate the structure, and the electric ﬁeld proﬁle was measured
using a frequency-domain proﬁle monitor. In order to closely mimic
the physical structures that were synthesized, gold nanorod dimers of
varying gap lengths (7, 18, and 28 nm) were simulated having an 80
nm thick semicircular shell of anatase TiO2. Additionally, FDTD
simulations were carried out on various other geometries of plasmonic
particles, including an isolated gold rod segment and a 10 nm gold
sphere. This allows for comparison between the gapped nanostructure
used in this work and plasmonic structures that are similar to those
used in the past for these types of composite materials.8−10,51 The
dielectric functions of Au55 and TiO2
56 were taken from experimental
data. All structures were simulated in a water environment with a
refractive index of 1.33.
■ RESULTS AND DISCUSSION
Because the synthetic method described herein utilizes high
temperature annealing in addition to chemical etching and a
lift-oﬀ step, it is not obvious that the structural integrity and, by
extension, the optical activity of the OWL dimers would remain
intact. It was therefore necessary to demonstrate that the
structural features of the nanorod dimers (with gaps as small as
∼7 nm) were preserved during the fabrication process, despite
these extreme conditions. To do this we analyzed the physical,
chemical, and optical properties of the sheet materials
throughout the fabrication process. First, STEM images were
collected on each of three sets of nanorod dimers with diﬀerent
gap sizes just after synthesis of the striped nanorods and after
the processing involved in the formation of the dimer-
embedded anatase sheets. This was done to understand the
impact of the harsh thermal treatment on the structural
integrity of the features programmed into the nanorods during
the electrochemical synthesis (Figure 1). It was observed that
the geometry of the dimers changed only slightly compared to
their as-synthesized dimensions as a result of the annealing,
etching, and lift-oﬀ procedures. Speciﬁcally, the diameter, gap
size, and segment length of the nanorod dimers remained
unchanged (Figure 1e), but a slight rounding of the rod
segments was observed, which can be understood by the
diﬀusion of gold surface atoms at elevated temperatures. A
wider view of the material shows the discrete nature of sheets,
and that the porous structure of the anodized aluminum oxide
(AAO), which was used as the substrate for the deposition, was
transferred to the TiO2 (Figure 1d). AAO was selected as the
substrate to work with for three reasons: (1) Because of its
porous nature, the AAO acts as a nanoscale ﬁlter for collecting
the colloidal solution of rods on a substrate while minimizing
aggregation associated with drying eﬀects (though the
microscopy images show that there is still some amount of
random aggregation of the dimers, which has consequences for
the optical properties of the ﬁnal material), (2) AAO is
chemically inert with respect to the conditions necessary for Ni
etching and also stable at the temperatures necessary for the
annealing of TiO2, and (3) the ability to selectively etch the
AAO after processing leaves the gold nanorod dimer-embedded
TiO2 sheets intact and solution dispersible.
Although the TEM results demonstrate preservation of the
nanorod dimer morphology, they do not provide compositional
information on either the plasmonic structures or the TiO2
sheets in which they are embedded. To probe this, composi-
tional mapping using energy dispersive spectroscopy (EDS)
was performed on the synthesized ﬁlms to measure the
nanoscale elemental distribution in the samples (Figure 2a).
From these results, it is obvious that the dimer structures
remain Au and the underlying substrate is primarily Ti, with
minimal mixing between the two. The lack of mixing is critical
to the formation of the anatase phase, and also the optical
properties of the gold, and is not at all a foregone conclusion at
these temperatures. In fact, we have shown that Ni and Au
diﬀuse together under these conditions. This has the eﬀect of
removing the gap between the gold structures. It is for this
reason that during the synthesis the Ni is etched prior to
annealing. (Supporting Information Figure S1).
Figure 1. (a) Illustrations of the nanorod dimers with varying gap size
synthesized for this work. (b) STEM images show the three sets of rod
dimers just after being synthesized and removed from the AAO and
(c) after embedding in TiO2 sheets, etching the Ni segments, and
annealing at elevated temperatures. (d) Wider view of dimers in
annealed sheets. (e) Statistical measurements of the geometry of the
dimers show that the processing conditions do not signiﬁcantly change
the dimer structure. (Scale bars are 150 nm.)
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The EDS data provide detailed compositional information as
a function of spatial distribution, but it does not provide
information on the crystalline structure of either part of the
hybrid material. To characterize the phase of the Au and Ti
components found in the EDS measurements, powder X-ray
diﬀraction (XRD) was used to compare the crystal structure
and degree of crystallinity of hybrid ﬁlms before and after
annealing57 (Figure 2b). First, peaks that are diagnostic of the
presence of FCC gold were observed regardless of annealing
conditions, conﬁrming the preservation of the crystallinity of
the Au plasmonic nanorod dimers. Second, strong reﬂections
indicative of anatase TiO2 were observed in the hybrid material
only after having been taken through the thermal annealing
step (blue trace, annealed sheets, Figure 2b). Taken together,
these observations conﬁrm the ability to synthesize the
photoactive anatase phase of TiO2 while maintaining the gold
rod crystallinity and morphology within the ﬁlm.
In order to probe whether the plasmonic properties of the
nanorod dimers are preserved while embedding and during the
subsequent Ni etching, TiO2 annealing, and the ﬁnal lift oﬀ
process, the sheets were dispersed in aqueous solutions for
Figure 2. (a) STEM image and EDS maps of nanorod dimers
embedded in TiO2. Signal from Ti is shown in pink and Au in yellow.
Scale bar is 300 nm. (b) XRD data on annealed (blue trace) and
unannealed (red trace) sheets. Standard peak locations for anatase
TiO2 and FCC gold are shown for reference.
Figure 3. (a) Normalized UV−vis−NIR spectra for plasmonic dimers with diﬀering gap sizes embedded in sheets of anatase TiO2 in water. Spectra
were obtained by subtracting a solution containing only TiO2 sheets as a background. It can be seen that as the gaps get larger the plasmon
resonance of the structures blue-shift. (b) FDTD electric ﬁeld intensity maps of gold nanorod dimers that are 43 nm in diameter, have gaps between
dimer segments of 7, 18, and 28 nm, and are coated with a half shell of 80 nm thick anatase TiO2 (see inset). The plots show the intensity of the ﬁeld
at the resonances for each dimer, which are 1100, 1050, and 1030 nm, respectively. It is observed that as the gap becomes larger the electric ﬁeld
intensity decreases, showing the tunability available using this system. Additionally it can be seen that the electric ﬁeld penetrates well into the
semiconductor material. Electric ﬁeld intensities are plotted on a log scale where zero is equal to the intensity of the incident ﬁeld.
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UV−vis−NIR spectroscopic characterization (Figure 3a). The
results conﬁrm that the position of the dipole plasmon
resonance shifts with increased coupling between rod segments
as a result of the changing gap size. This trend is expected and
important because it shows that the rationally designed
nanometer-scale gap distances programmed into each structure
and the consequent localized electromagnetic ﬁelds are
preserved on average in each sample. It is also important to
note that the large breadth of the peaks in the UV−vis−NIR
measurement do not reﬂect the spectral response of an
individual nanorod dimer. Peak broadening in this ensemble
measurement is likely due to a number of contributing factors,
including the polydispersity of the dimers as a result of both the
initial syntheses and the subsequent rounding after annealing,
the excitation of higher order plasmonic modes that are similar
in energy to the dipolar resonance, and transverse and/or
longitudinal coupling between neighboring nanorod dimers due
to their proximity within sheets as a result of random
aggregation processes.
To further explore the optical properties of this material,
FDTD simulations were used to characterize the localized
electric ﬁeld for the various dimer geometries when embedded
within anatase TiO2 (Figure 3b). The ﬁeld intensity proﬁles
clearly demonstrate that the electric ﬁeld localized by these
particles is highly dependent on the size of the gap between rod
segments. This means that the nanoscale tailorability in the size
of the gap aﬀorded by this synthesis methodology is directly
correlated with an extraordinary tailorability in the intensity of
the electric ﬁeld resulting from the plasmonic excitation of
these dimer structures. Additionally, it is clear from the
simulations that the intense ﬁelds generated by the plasmonic
coupling of the rod segments penetrate several tens of
nanometers into the semiconductor material, which should
provide signiﬁcant enhancement to the photoprocesses taking
place therein. These characteristics that result from synthetic
control demonstrate the potential of this system to be used as a
platform for the systematic study of the impact of localized
electric ﬁeld intensity on the photoactivity of these types of
hybrid plasmonic semiconductor systems.
In most of the previous examples of these types of materials,
the plasmonic components used are spheres or sphere-like
particles.4,6,7,10,49,50 Additionally, there are some examples of
anisotropic plasmonic particles being interfaced with the
semiconductor materials.6−10,22,51,58 To compare the plasmonic
response of the gapped nanostructures utilized in this work to
particles common in the literature, additional FDTD
simulations were carried out on an isolated gold rod segment
and a spherical gold nanoparticle. By plotting the electric ﬁeld
intensity of these structures and the gapped dimer on the same
scale, a fair side-by-side comparison of the hot spots generated
by each structure can be made (Figure 4). The ﬁeld plots of
these particles clearly show that the gapped structure generates
ﬁelds that are almost 3 orders of magnitude greater than those
of the sphere (1 × 103.16 vs 1 × 100.27) and about 50 times
greater than that of the rod segment alone (1 × 101.49). Also,
when considering not just the peak intensity of the respective
ﬁelds but also the volume enhanced by each structure, the
gapped structure is seen to be far superior to the other
geometries. This result indicates that composite plasmonic−
semiconductor materials that incorporate gapped structures
have the potential to be far superior to those that do not.
■ CONCLUSION
In this work we have developed a procedure for synthesizing
gold nanorod dimers embedded within anatase TiO2 sheets as a
case study for the incorporation of plasmonically active
materials into generic semiconductor ﬁlms. Despite the harsh
conditions necessary to crystallize photoactive TiO2, the
morphology and crystallinity of plasmonic dimers are both
suﬃciently preserved so as to maintain a high degree of
tunability in the plasmon resonance and electromagnetic ﬁeld
distribution within the gap. This technique will serve as a
platform for systematic studies of the impact of the local
electric ﬁeld enhancement generated by plasmonic structures
on light-based sensitization processes within semiconductors.
In addition, it can serve as a generalizable approach for
synthesizing myriad composite plasmonic−semiconductor
Figure 4. FDTD electric ﬁeld plots for a Au nanorod dimer 43 nm in
diameter with two 86 nm segments separated by a 7 nm gap (top), a
single isolated Au nanorod segment with the same dimensions as the
ones above (middle), and a spherical Au nanoparticle 10 nm in
diameter (bottom). The intensity map is plotted at the plasmon
resonance for each structure, which is 1100, 952, and 565 nm,
respectively. The insets are cartoon representations of the structures
modeled. Electric ﬁeld intensities are plotted on a log scale where zero
is equal to the intensity of the incident ﬁeld.
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materials by incorporating a variety of strongly enhancing
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